Ergothioneine (EGT) is a histidine betaine derivative that exhibits antioxidant action in humans. EGT is primarily synthesized by fungal species and a number of bacterial species. A five-gene cluster (egtA, egtB, egtC, egtD & egtE) responsible for EGT production in Mycobacteria smegmatis has recently been identified. The first fungal biosynthetic EGT gene (NcEgt-1) has also been identified in Neurospora crassa. NcEgt-1 contains domains similar to those found in M. smegmatis egtB and egtD. EGT is biomembrane impermeable. Here we inferred the evolutionary history of the EGT cluster in prokaryotes as well as examining the phyletic distribution of Egt-1 in the fungal kingdom. A genomic survey of 2509 prokaryotes showed that the five-gene EGT cluster is only found in the Actinobacteria. Our survey identified more than 400 diverse prokaryotes that contain genetically linked orthologs of egtB and egtD. Phylogenetic analyses of Egt proteins show a complex evolutionary history and multiple incidences of horizontal gene transfer. Our analysis also identified two independent incidences of a fusion event of egtB and egtD in bacterial species. A genomic survey of over 100 fungal genomes shows that Egt-1 is found in all fungal phyla, except species that belong to the Saccharomycotina subphylum. This analysis provides a comprehensive analysis of the distribution of the key genes involved in the synthesis of EGT in prokaryotes and fungi. Our phylogenetic inferences illuminate the complex evolutionary history of the genes involved in EGT synthesis in prokaryotes. The potential to synthesize EGT is a fungal trait except for species belonging to the Saccharomycotina subphylum.
Introduction
Ergothioneine (EGT) is a histidine betaine derivative with a thiol group located on the C 2 atom of the imidazole ring (Genghof et al., 1956; Hartman, 1990; Melville et al., 1957) . EGT was first isolated from the ergot fungus Claviceps purpurea (Tanret, 1909) and subsequent observational studies suggested that it is primarily synthesized by fungal species and a number of bacterial species particularly those belonging to the Actinobacterial and Cyanobacterial phyla (Genghof, 1970; Genghof and Vandamme, 1964; Genghof et al., 1956; Pfeiffer et al., 2011) .
Although EGT is present in plants and animals they do not synthesize it but rather obtain it from nutrients. For example, plants acquire EGT through their roots and sometimes via actinomycete symbionts (Park et al., 2010) . Animals acquire EGT from food including mushrooms, garlic, wheat, oats and beans which have been shown to have concentrations of EGT ranging from 210 ng mg −1 to 2600 ng mg − 1 (Dubost et al., 2007) . After ingestion EGT is retained with minimal metabolism (Pfeiffer et al., 2011) . In humans, EGT is concentrated in erythrocyte progenitor cells, monocytes, the intestine and kidneys. EGT is cell membrane impermeable and recent human studies have identified a specific plasma membrane bound organic cation transporter known as OCTN1, which is encoded by the gene SLC22A4 (Grundemann et al., 2005) . Polymorphisms in SLC22A4 have been associated with diabetes (Santiago et al., 2006) and susceptibility to chronic inflammatory diseases such as Crohn's disease (Fisher et al., 2006; Leung et al., 2006; Peltekova et al., 2004) . A specific EGT transporter suggests a beneficial role for EGT and multiple studies support an antioxidant function for EGT but its specific mode of action remains unclear (Cheah and Halliwell, 2012; Hartman, 1990 ). Mycobacteria do not synthesize the thiol glutathione (GSH), which is known for its efficient detoxification of free radicals as well as reactive oxygen and nitrogen species. Instead it produces two low-molecularweight thiols, mycothiol (MSH) and EGT (Genghof and Vandamme, 1964; Newton et al., 1995 Newton et al., , 1996 . In Mycobacterium tuberculosis evidence suggests that MSH is involved in detoxifying reactive oxygen species (Vilcheze et al., 2008) . In Mycobacteria smegmatis MSH deficient mutants, the levels of the organic hydroperoxide resistance protein and ERG are elevated, suggesting that ERG may partly compensate for the loss of MSH and thus have a role as an antioxidant (Ta et al., 2011) . ERG has also been implicated in modulating the immune response (Rahman et al., 2003) and in the inhibition of metalloenzymes, preventing oxidation of DNA and protein due to its metal-chelating properties (Zhu et al., 2010) , this implies that it may also act as a virulence factor. Initial investigations into the function of EGT in fungi showed that in Neurospora crassa it helps protect conidia during the quiescent period between conidiogenesis and germination, and protects conidia during the germination process from the toxicity of peroxide (Bello et al., 2012) .
The genes (egtA, egtB, egtC, egtD & egtE) responsible for EGT production in M. smegmatis have recently been identified (Seebeck, 2010) . These genes are found adjacent to one another in a five-gene cluster but are predicted not to be essential for growth of M. tuberculosis laboratory strain H37Rv (Griffin et al., 2011; Sassetti et al., 2003) . Seebeck (2010) cloned EgtD and has shown it to be a histidine methyltransferase that converts histidine to hercynine in an S-adenosyl methionine (SAM) dependent manner ( Fig. 1-A) . Sequence similarity of EgtA to γ-glutamylcysteine ligase suggests that γ-Glu-Cys rather than Cys is a sulphur donor (Seebeck, 2010) . This observation was confirmed when cloned EgtB (contains an Fe(II) binding site) was assayed with hercynine and γ-Glu-Cys in the presence of FeSO 4 and shown to produce S-hercynyl-γ-glutamylcysteine ( Fig. 1-A) (Seebeck, 2010) . Addition of cloned EgtC to the reaction generated hercynylcysteine sulfoxide and cloned EgtE (β-lyase) in the presence of pyridoxal-5′-phosphate produced EGT ( Fig. 1-A) (Seebeck, 2010) .
Recently the first fungal biosynthetic EGT gene (NcEgt-1) was identified in N. crassa (Bello et al., 2012) . NcEgt-1 catalyzes the first two steps of EGT biosynthesis from histidine to hercynine to hercynylcysteine sulfoxide ( Fig. 1-B) . Comparisons between wild type and NcEgt-1 indicate that EGT plays an important protective role against the toxicity of peroxide in conidia during germination (Bello et al., 2012) . Interestingly NcEgt-1 contains domains similar to those found in M. smegmatis egtB and egtD and is most likely the result of a fusion between ancestral fungal EgtB and EgtD genes (Bello et al., 2012) .
No analysis to date has attempted to fully uncover the evolutionary history of the 5-gene egt cluster in prokaryotes or indeed that of Egt-1 in the fungal kingdom. As providing a comprehensive analysis of the phyletic distribution of these genes in the tree of life, we have performed indepth phylogenetic analyses of these genes. Our results give a detailed overview of the distribution of the key genes involved in the synthesis of EGT in prokaryotes and fungi. Our phylogenetic inferences illuminate the complex evolutionary history of the genes involved in EGT synthesis in prokaryotes.
Methods

Sequence data and database searches
Amino acid sequences from all completely sequenced prokaryotic genomes were obtained from the NCBI ftp site. The list of the genomes utilized and their taxonomic affiliations are listed in Additional file 1-A. Complete bacterial genomes were utilized to ensure that potential EGT clusters could be identified. In total our dataset contained 7,850,632 amino acid sequences from 2509 genomes (Additional file 1-A). The Proteobacterial phylum is the most densely sampled accounting for~42% of all genomes, followed by the Firmicutes phylum 21% and the Actinobacteria phylum~10.5% (Additional file 1-A).
The five genes (egtABCDE) from the Mycobacterium smegmatis JS623 EGT cluster were used as database query sequences (GenBank GI numbers 433650597, 433650596, 433650595, 433650594 and 433650593 respectively) . Taking one EGT protein at a time, putative orthologs were identified using a reciprocal BlastP (Altschul et al., 1997) search with a cutoff expectation (E) value of 10 −5
. Each EGT gene was searched against an individual bacterial genome. The top significant hit was recorded and searched back against the M. smegmatis genome to ensure a reciprocal top hit. Putative orthologs are listed in Additional file 1-B.
Our fungal protein dataset consisted of 103 genomes and 1001217 individual genes (Additional file 1-C). Where available, data was obtained from the NCBI fungal genome FTP site. The remaining data was downloaded from the relevant sequencing centres (Additional file 1-C). The N. crassa EGT (NcEgt-1) gene was searched against each individual fungal genome. The top significant hit was recorded and searched back against the N. crassa genome to ensure a reciprocal top hit. We set a cutoff of 70% for the length of the highest scoring pair (HSP). Top significant database hits above this cutoff were deemed to be putative orthologs and are listed in Additional file 1-C. To account for incomplete genome annotation, assemblies that did not contain an ortholog of EGT were searched again using a tblastn strategy.
Phylogenetic methods
All EGT protein alignments were aligned using MUSCLE (v3.6) (Edgar, 2004) , with the default settings. Obvious alignment ambiguities were manually corrected.
Phylogenetic relationships were inferred for full and representative datasets using maximum likelihood methods. Appropriate protein models of substitution were selected for each gene family using the Bayesian information criterion implemented in ProtTest3 (Darriba et al., 2011) . Optimum models and associated parameters for all protein families are summarized in Additional file 1-D. One hundred bootstrap replicates were then carried out with the appropriate protein model using the software programme PHYML (Guindon and Gascuel, 2003) and summarized using the majority-rule consensus method.
Analysis of the EGT cluster in prokaryotes
We utilized previously described perl scripts (Martin and McInerney, 2009 ) to identify clusters of EGT genes. In brief, protein sequences for EgtA, EgtB, EgtC, EgtD and EgtE from M. smegmatis where queried using BlastP against each of the 438 bacterial genomes in our dataset that contain a putative ortholog of egtB & egtD (Additional file 1-B). If two egt genes were found to have no more than five intervening genes between them, then such genes were considered to be a linked pair. In total, 404 genomes that have at least one pair of genes linked were identified (Additional file 1-B).
Results and discussion
The 5-gene EGT cluster is only found in the Actinomycetes
Previous studies have shown that EgtB and EgtD are key enzymes in the production of ergothioneine (Seebeck, 2010; Sao Emani et al., 2013) . From our original dataset of 2509 prokaryotic genomes (Additional file 1-A), 438 were found to contain a putative ortholog of egtB and egtD (Additional file 1-B). Interestingly 404 of these displayed evidence of linkage as they were found to have no more than five intervening genes between them (Additional file 1-B). Closer inspection shows that the EGT cluster is specific to members of the Actinobacteria as most species outside this phylum are missing orthologs of egtA, egtC and egtE (Additional file 1-B). Most non-Actinobacterial species, which contain an ortholog of one of these three genes, do not display linkage relative to egtB or egtD. However, there are some exceptions to this observation as 9 Cyanobacterial species, 3 Proteobacterial species and one member of the Chloroflexi phylum contain an ortholog of egtC, which is clustered beside egtB and egtD (Additional file 1-B and Fig. 2) .
Previous studies have shown that bacterial species that are missing orthologs of egtA, egtC and egtE are still able to produce EGT (Pfeiffer et al., 2011) indicating that they may not be universally essential enzymes in its synthesis. Conceivably, their enzymatic function, may be complemented by other enzymes or chemical means. We examined the expression profiles of both egtB and egtD in M. tuberculosis H37Rv using the TB database (Galagan et al., 2010) . While the expression of both genes positively correlates with one another (0.47242), there is no evidence to suggest that egtA, egtC or egtE expression is positively correlated with that of either egtB or egtD, thereby lending further support to the hypothesis that their functions in other species could be complemented by other means.
Phylogenetic analysis of prokaryote EGT genes
The wide phyletic distribution of egtB and egtD suggests that ergothioneine biosynthesis is a common trait amongst Actinobacteria and Cyanobacteria and also occurs in certain Bacteroidetes, Proteobacteria, Acidobacteria and even Archaeal species (Additional file 1-B). Such a wide phyletic distribution suggests that ergothioneine may play important physiological roles in many bacterial species. However, while the phyletic distribution of these enzymes is wide, it does appear to be patchy and is most likely the result of rampant horizontal gene transfer (HGT). To try and uncover the evolutionary history of the genes involved in the production of ergothioneine we undertook an indepth phylogenetic analysis.
EgtA phylogeny
A BlastP analysis identified 203 EgtA orthologs in our bacterial database (Additional file 1-B). Phylogenetic reconstruction infers two strongly supported (100% Bootstrap support (BP)) monophyletic clades (Additional file 2). There is also a single representative from the Planctomycetes phylum (Isosphaera pallida).
The first monophyletic clade is Actinobacterial specific (Additional file 2). Of the 121 Actinobacterial genomes that contain a copy of egtB and egtD, 112 have an ortholog of egtA (Additional file 1-B). For the 10 Actinobacterial species that lack the egtA ortholog, gene loss is evident for individual species but is not specific for a particular Actinobacterial subclass. The second clade is Proteobacterial specific and contains representatives from the Proteobacteria phylum, specifically the γ-, δ-proteobacteria but primarily the α-proteobacteria classes. Of the 210 Proteobacterial genomes that contain a copy of egtB and egtD, 90 have an ortholog of egtA (Additional file 1-B). We did not locate putative egtA orthologs for β or ε-proteobacterial classes (Additional file 1-B).
There are a number of scenarios that can be invoked to explain the evolutionary history of egtA. The patchy phyletic distribution of egtA within the Proteobacteria phylum, coupled with its widespread distribution within the Actinobacterial phylum is indicative of an ancient gene transfer event from an ancestral Actinobacterial species into an ancestral α-proteobacterial species, followed by subsequent α to γ-and δ-proteobacterial transfers. Other scenarios include a proteobacterial origin for egtA and transfer into an ancestral Actinobacterial species. However, this is a less parsimonious proposition as it requires gene losses from the β and ε-proteobacterial lineages.
EgtC phylogeny
A BlastP analysis identified 205 EgtC orthologs in our bacterial database (Additional file 1-B). Phylogenetic reconstruction infers a strongly supported (74% BP) Actinobacterial, Cyanobacterial (98%) and Proteobacterial clades (100% BP) (Additional file 3). Of the 121 Actinobacterial genomes that contain a copy of egtB and egtD, 114 have an ortholog of egtC (Additional file 1-B). The 7 species (Acidimicrobidae bacterium, Corynebacterium halotolerans, Gordonia bronchialis, Gordonia KTR9, Segniliparus rotundus, Nocardioides JS614 and Conexibacter woesei) that are missing egtC are also missing egtA and 3 of these (C. halotolerans, Nocardioides JS614 and C. woesei) are also missing egtE (Additional file 1-B). Loss of these genes seems to be species rather than lineage specific as they are not specific to one particular Actinobacterial subclass.
The Cyanobacterial clade (98% BP (Additional file 3)) contains members from the Oscillatoriophycideae subclass and Nostocales, Pleurocapsales and Gloeobacteria orders (Additional file 1-B). Of the 58 Cyanobacterial genomes that contain a copy of egtB and egtD, 38 have an ortholog of egtC (Additional file 1-B) . The species that are missing egtC are not specific to one particular subclass indicating speciesspecific losses.
The Proteobacteria clade (100% BP, (Additional file 3)) contains representatives from the Proteobacterial phylum, specifically the γ-, α-but primarily β-proteobacteria classes (Additional file 1-B). Of the 210 Proteobacterial genomes that contain a copy of egtB and egtD, 52 have an ortholog of egtC (Additional file 1-B). We did not locate putative egtC orthologs for δ or ε-proteobacterial classes (Additional file 1-B) .
Overall there is little evidence of recent inter phyla HGT of egtC orthologs. There is one exception as there is evidence of interphylum HGT from a Proteobacterial source into the Actinobacterial species Gordonia polyisoprenivorans. Our phylogeny infers that the G. polyisoprenivorans egtC ortholog is nested within the Proteobacterial clade and specifically beside a β-proteobacterial clade ((Additional file 3), 75% BP). Closer inspection of the gene order in G. polyisoprenivorans shows it contains four egt orthologs (egtB, C, D and E). However, unlike most other Actinobacteria, there is only evidence of clustering for two of the egt genes (egtB and egtD). Interestingly, there are two other Gordonia species present in our analysis (G. bronchialis and Gordonia KTR9) (Additional file 1-A). Neither of these species contains an ortholog of egtC suggesting an ancestral loss of the Actinobacterial egtC from a Gordonia ancestor and a subsequent independent HGT event of a β-proteobacterial ortholog into G. polyisoprenivorans.
The patchy phyletic distribution of egtC within the Proteobacterial and Cyanobacterial phyla, coupled with its widespread distribution within the Actinobacteria phylum is indicative of an ancient HGT event from an ancestral Actinobacterial species into an ancestral Proteobacterial and Cyanobacterial species followed by species-specific gene losses in these phyla.
egtE phylogeny
Our BlastP analysis identified 68 egtE orthologs in our bacterial database (Additional file 1-B). All of these orthologs are exclusively from the Actinobacteria phylum (Additional file 1-B, Additional file 4). The majority of species belonging to the Frankineae and Corynebacterineae suborders contain an ortholog of egtE whereas species belonging to the Micromonosporineae, Propionibacterineae, Pseudonocardineae, Streptomycineae and Streptosporangineae suborders are all missing the egtE gene (Additional file 1-B).
EgtB & EgtD phylogenies
Because of their importance in the synthesis of ergothioneine (Seebeck, 2010; Sao Emani et al., 2013) , the EgtB and EgtD phylogenies will be discussed in tandem.
A BlastP analysis identified 438 species that contain an ortholog of both egtB and egtD. Of the 263 Actinobacterial genomes in our original dataset (2509 genomes, Additional file 1-A), 122 (~46%) contain a copy of egtB and egtD. Similarly 210 of the 1034 (~20%) Proteobacterial genomes and 58 of the 263 (~22%) Cyanobacterial genomes in our original dataset contain copies of both egtB and egtD (Additional file 1-B). These three phyla account for~73% of all species considered in our phylogenetic analyses (Additional file 1-B) .
We reconstructed phylogenetic trees for EgtB and EgtD (Additional files 5 and 6). Both protein families appear to be heterogeneous, with an average pairwise identity of 39.51% and 41.77% for EgtB and EgtD proteins respectively. As a result many clades are poorly supported making inferences regarding the evolutionary history of these gene families difficult.
To help visualize the data, smaller representative datasets of 230 species were generated for each gene family and phylogenetic trees reconstructed (Figs. 3 & 4) . For ease we will refer to the smaller representative phylogenies from this point forward, as they are congruent with the phylogenies derived from all 438 taxa (Additional files 5 & 6).
Of the 154 Archaeal genomes in our dataset only four (Cenarchaeum symbiosum, Candidatus Nitrosopumilus koreensis, Candidatus Nitrosopumilus and Nitrosopumilus maritimus) contain copies of egtB and egtD (Additional file 1-B) . Both genes are genetically linked in all four species (Additional file 1-B) . These four species are all members of the Thaumarchaeota phylum and are grouped together in a strongly supported monophyletic clade (100% BP monophyletic clades, Clade-1 Figs. 3 & 4) . There is a fifth species (Nitrososphaera gargensis) from this phylum represented in our dataset but it does not contain a copy of either egtB or egtD (Additional file 1-A & B) . This patchy phyletic distribution within the Archaeal lineage would indicate a putative horizontal gene transfer event into the Thaumarchaeotal ancestor of these species, followed by gene loss in N. gargensis. Due to the poorly supported inferences in parts of our phylogenies it is difficult to confidently locate the putative donor of egtB & egtD into the Thaumarchaeota phylum. Furthermore, searching the Archaeal copies of EgtB & EgtD back against our bacterial dataset we do not see a consistent non-Archaeal top BlastP search hit.
Of the 95 Bacteroidetes genomes represented in our dataset 27 have copies of egtB & egtD and in all cases they are genetically linked (Additional file 1-A & B). Three Bacteroidetes classes (Cytophagia, Flavobacteriia and Sphingobacteriia) are represented. All Bacteroidetes species are found in monophyletic clades (71% & 89% BP respectively) in both EgtB & EgtD phylogenies (Clade-2, Figs. 3 & 4) . Both phylogenies support a strongly supported (100% BP) sister group relationship with 3 Proteobactrerial species (Shewanella woodyi, Methylophaga JAM1 and Teredinibacter turnerae). All 3 species are γ-proteobacterial. This is an example of putative HGT of EgtB & EgtD in tandem but it is not possible to confidently infer the donor species. The sister group relationships amongst other clades in this part of the phylogeny are poor. One possible explanation is an ancient HGT from a Proteobacterial species into the ancestor of a Bacteroidetes species followed by a more recent HGT from the Bacteroidetes represented here back into S. woodyi, Methylophaga JAM1 and T. turnerae. Another explanation is that the Bacteroidetes ancestor already had egtB & egtD but they have been lost multiple times through speciation events and that the γ-proteobacteria species recently gained the Bacteroidetes orthologs.
Our phylogenetic analyses of EgtB & EgtD infer two strongly supported clades composed primarily of Actinobacterial species (Clade 3, Figs. 3 & 4) . With respect to EgtB, a small number of species (S. rotundus, C. halotolerans, G. bronchialis, A. bacterium and Nocardioides) are found grouped outside this monophyletic clade (Fig. 3, Clade-4) . These species all belong to the order Actinomycetales but no unique sub-order is observed. The fact that they are grouped with proteobacterial species and specifically two α-proteobacteria species (Beijerinckia indica and Parvibaculum lavamentivorans) would suggest that they may be α-proteobacterial in origin, however bootstrap support values are very low (31%) and make it impossible to confidently infer a donor species. Interestingly these species are found in a monophyletic Actinobacterial clade in our EgtD phylogeny (Fig. 4, Clades 3 & 4) . Furthermore even though the egtB & egtD orthologs in these species have a mosaic history they are genetically linked (Additional file 1-B) . This provides further evidence that there is a selective pressure to maintain these genes beside one another in the genome even following HGT.
There is evidence that the ancestor of five δ-proteobacterial species (Myxococcus fulvus, Myxococcus stipitatus, Myxococcus xanthus, Fig. 2 . Analysis of the five-gene ergothioneine cluster in prokaryotes. The cluster is widespread in Actinobacterial species and representative genomes are shown. egtA, egtC and egtE are missing from most prokaryotes but a small number of Cyanobacterial, Proteobacterial and Chloroflexi species have orthologs of egtC and they are genetically linked with egtB and egtD. Each arrow represents a gene, with the name of the gene given in the legend. I.G. refers to an intervening gene, which is a gene in the cluster that is not involved in the biosynthesis of ergothioneine. MAC refers to species belonging to the Mycobacterium avium complex and MTC refers to species belonging to the Mycobacterium tuberculosis complex.
Corallococcus coralloides and Stigmatella aurantiaca) obtained orthologs of egtB & egtD via HGT from an Actinobacterial source. All five species form a monophyletic clade with the predominant Actinobacterial clade (Figs. 3 & 4 , Clade-5) with strong bootstrap support (100% & 81% respectively). As with the majority of species that contain copies of egtB & egtD, both genes are genetically linked (Additional file 1-B) . The remaining 6 δ-proteobacterial species that contain orthologs of egtB & egtD are found grouped with other Proteobacterial species (Figs. 3 & 4) .
Examining the phylogenetic relationships between the Cyanobacterial species in our dataset we fail to locate a single monophyletic Cyanobacterial clade illustrating the complex evolutionary history of egtB and egtD. For egtB, we see that the majority of Cyanobacterial species are located in a clade (54% BP) along with Actinobacterial and Proteobacterial species exclusively (with the exception of one Planctomycetes & one Acidobacteria species) (Fig. 3, Clade-6 ). These relationships are not observed in our EgtD phylogeny (Fig. 4) . With respect to EgtB, there is a strongly supported (100% BP) Cyanobacterial/ Proteobacterial clade (Fig. 3 , Clade-7); these form a weak sister group relationship with a monophyletic Cyanobacterial clade (Fig. 3, Clade-8 ). This would suggest that these species have obtained a Cyanobacterial ortholog of EgtB via HGT. The majority of Proteobacterial species in Clade-8 (Fig. 3) are from the Burkholderia genus. Interestingly four of these species (Burkholderia YI23, Burkholderia RPE64, Burkholderia xenovorans LB400 and Burkholderia phytofirmans PsJN) do not display linkage of egtB and egtD (Additional file 1-B and Figs. 3 and 4) . This would indicate a recent HGT event into the ancestor of these Burkholderia species and absence of genome reassortment to link egtB and egtD since speciation. There are numerous possibilities to the origin of egtB and egtD. Based on its patchy phyletic distribution within the prokaryotes it is parsimonious to assume that they were not ubiquitous characters that were lost in a species-specific manner through evolutionary time. Furthermore, based on the genomic data currently available, the most parsimonious scenario is that they arose within the Actinobacteria and were transferred into the ancestors of other phyla such as the Cyanobacteria and Proteobacteria before being subsequently transferred into other phyla in a species by species manner.
Evidence of fusion of egtB and egtD in selected bacterial species
Genes primarily evolve via the mechanisms of mutation, duplication and recombination. Recombination can generate proteins with novel domain architecture. Fusion or fission of genes is a type of recombination that generates either a composite protein or two (or more) smaller split proteins (Kummerfeld and Teichmann, 2005) . Gene fission involves the gain of regulatory regions whereas gene fusion involves the loss of the terminal regions of one gene and initial regulatory regions of another gene. Genome analyses have shown a predominance of fusions relative to fissions (Kummerfeld and Teichmann, 2005; Snel et al., 2000) . This is unsurprising as fusion is simpler to achieve genetically (Kummerfeld and Teichmann, 2005; Stechmann and Cavalier-Smith, 2002) . There is also an inherent benefit to fusion as it allows for the physical amalgamation of functions that are biologically coupled (Marcotte et al., 1999) . For example it has been shown that the vast majority of bacterial fusion genes are either part of the same complex or function in the same pathway (Marcotte et al., 1999; Snel et al., 2000) .
Our analysis showed that there is a strong selective pressure for the genetic clustering of egtB or egtD (Additional file 1-B and Fig. 2) . Furthermore, our analysis of prokaryote genomes identified two independent incidences where fusion of these genes has occurred. Five representatives (Asticcacaulis excentricus, Brevundimonas subvibrioides, Caulobacter K31, Caulobacter segnis ATCC 21756, Phenylobacterium zucineum HLK1) of the α-Proteobacteria order Caulobacterales have a protein that is the product of a fusion event between egtB and egtD. The resultant proteins have an N-terminal region with a DinB_2 and an FGE-sulfatase (homologous to egtB) and a C-terminal SAM-dependent methyltransferase (homologous to egtD). There are two other Caulobacterales species in our original bacterial dataset (Caulobacterales crescentus CB15 and C. crescentus CB15N, Additional file 1-A). Both contain an ortholog of egtB, but do not have a copy of egtD. A second fusion event has occurred in a single Cyanobacterial species, Cyanothece PCC 7425 (Additional file 1-B). The domain architecture is identical to that seen in the Caulobacterales species.
3.8. Phyletic distribution of egt genes in the fungal kingdom M. smegmatis EGT proteins were searched against 103 individual fungal genomes across the fungal kingdom (Additional file 1-C & Fig. 5) . No significant BlastP hits were recovered for M. smegmatis EgtA, EgtC or EgtE. A previous analysis found that N. crassa Egt-1 (NcEgt-1) contains domains found in both M. smegmatis EgtB and EgtD (Bello et al., 2012) . For completeness the NcEGT-1 protein was searched against our fungal database. Best BlastP search hits were deemed orthologs if they had an E-value less than 10 −5
, had NcEGT-1 as their top bidirectional search hit when searched back against the N. crassa genome and had a HSP that spanned 70% of the original NcEGT-1 protein.
Overall we identified 73 fungal Egt-1 orthologs (Additional file 1-C & Fig. 5 ). The average sequence pairwise identity between all orthologs is approximately 47%. Interestingly, all Saccharomycotina species investigated are missing Egt-1 (Fig. 5) . This infers that the last common ancestor of all Saccharomycotina species in our analysis lost Egt-1 before speciation occurred. Egt-1 orthologs were found for all members of the Pezizomycotina. These findings concur with and expand those reported by Bello et al. (2012) . Orthologs could not be identified for the Basidiomycete species Moniliophthora perniciosa or Malassezia globosa. The remaining 17 Basidiomycetes have a copy of Egt-1. Due to their phylogenetic distance (Fig. 5) , this would suggest that both M. perniciosa or M. globosa have lost Egt-1 independently.
Previous in silico analyses have shown that NcEgt-1 is a multidomain protein, with an N-terminal SAM-dependent methyltransferase (27% identity to M. smegmatis EgtD) and a C-terminal region with a DinB_2 and a FGE-sulfatase (24% identity to M. smegmatis EgtB) (Seebeck, 2010) . All 77 fungal Egt-1 orthologs we identified contain these three domains, with the same domain architecture. Using fungal copies of Egt-1 and bacterial copies of egtB and egtD we reconstructed phylogenetic trees (not shown) to determine if any recent interkingdom HGT has occurred. However, in both phylogenetic trees bacterial species and fungal species were also found in monophyletic clades indicating no recent HGT. Based on these inferences it is impossible to unambiguously determine the origin of EGT biosynthesis.
Conclusions
We investigated the phyletic distribution of a characterized 5-gene EGT cluster in Bacterial and Archaeal species. Overall we found that the gene cluster is specific for the Actinobacteria. Our analysis found that two of the genes, egtB and egtD, are found in a number of diverse phyla. Furthermore in the vast majority of cases both of these genes are genetically linked as they are found in close proximity to one another. Previous biochemical analyses have shown that Cyanobacterial species produce high levels of EGT even though they are missing orthologs of egtA, egtC and egtE (Pfeiffer et al., 2011) . This indicates that EgtB and EgtD are key enzymes in the production of EGT and the enzymatic functions of EgtA, EgtC and EgtE may be performed by other as of yet unknown enzymes. Interestingly when we examined the expression data of M. tuberculosis H37Rv we observed that egtB and egtD are positively correlated in their expression levels, conversely there is no evidence to suggest that egtA, egtC or egtE is expressed in tandem with egtB and egtD lending further support to the hypothesis that other enzymes may be complementing the enzymatic steps of EgtA, EgtB and EgtC in the synthesis of EGT. We reconstructed phylogenetic trees in order to elucidate the evolutionary history of the five-egt genes. Due to the patchy phyletic distribution of egtA, egtC and egtE it is impossible to definitively infer their origin. egtA is nearly exclusively found in the Actinobacteria and Proteobacteria. egtC is only found in the Actinobacteria, Proteobacteria and Cyanobacteria while egtE is Actinobacteria specific. egtB and egtD are found across a number of diverse bacterial phyla but predominantly in Actinobacterial, Proteobacterial and Cyanobacterial species. Assuming that the 5-gene egt cluster contains the original enzymes necessary to synthesize EGT it follows that it has an Actinobacterial origin. Alternatively the 5-gene cluster may have evolved independently in the Actinobacteria after HGT of egtB and egtD from a Cyanobacterial or Proteobacterial source. There also may be the issue of a sampling bias in our dataset. Actinobacterial and Proteobacterial species account for approximately 53% of the species in out bacterial database. It is plausible that egtB and egtD may have arisen in a sparsely sampled bacterial phylum. However based on the data available to us we feel that the most parsimonious explanation is an Actinobacterial origin for the 5-gene EGT cluster (and egtB and egtD specifically) followed by HGT into ancestral Proteobacterial and Cyanobacterial species as well as multiple independent HGT events into individual species. EGT is also produced by fungi and recently Egt-1 has been shown to be the key enzyme in its synthesis (Bello et al., 2012) . Egt-1 has domains homologous to bacterial EgtB and EgtD and is the likely result of an ancient gene fusion event. We surveyed over 100 fungal genomes and found that Egt-1 is found across the fungal kingdom with the notable exception of all Saccharomycotina species. This indicates that Egt-1 was in the last common ancestor of all fungal species examined but was lost in the ancestral Saccharomycotina species. Database BlastP searches and phylogenetic trees did not show any recent interdomain HGT between fungal or bacterial species for either Egt-1 or egtB/egtD. Therefore, it is not possible to confidently infer the origin of EGT biosynthesis. There are three possible scenarios. Firstly it is may be a fungal innovation that was transferred into a bacterial phyla (the Actinobacteria for example), fission of Egt-1 occurred to give egtB and egtD and these were subsequently spread in prokaryotes via HGT. Alternatively, it may be a bacterial innovation, egtB and egtD may have been transferred into the last common fungal ancestor followed by a fusion event to give Egt-1. The final scenario is that both bacteria and fungi have independently evolved mechanisms to synthesize EGT. However based on sequence similarity and the relatedness of pathways involved (Fig. 1) we feel that this scenario is the least likely of the three.
Our analysis provides a comprehensive dissection of the evolutionary history and distribution of the genes involved in EGT production in the tree of life. We have shown, based on the presence of egtB/egtD or Egt-1 that a diverse range of bacteria and fungi can potentially synthesize EGT.
